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Abstract (optional):
Practically all known planet hosts will evolve into white dwarfs, and large parts of their plan-
etary systems will survive this transition – the same is true for the solar system beyond the
orbit of Mars. Spectroscopy of white dwarfs accreting planetary debris provides the most ac-
curate insight into the bulk composition of exo-planets. Ground-based spectroscopic surveys of
' 260, 000 white dwarfs detected with Gaia will identify> 1000 evolved planetary systems, and
high-throughput high-resolution space-based ultraviolet spectroscopy is essential to measure in
detail their abundances. So far, evidence for two planetesimals orbiting closely around white
dwarfs has been obtained, and their study provides important constraints on the composition
and internal structure of these bodies. Major photometric and spectroscopic efforts will be nec-
essary to assemble a sample of such close-in planetesimals that is sufficiently large to establish
their properties as a population, and to deduce the architectures of the outer planetary systems
from where they originated. Mid-infrared spectroscopy of the dusty disks will provide detailed
mineralogical information of the debris, which, in combination with the elemental abundances
measured from the white dwarf spectroscopy, will enable detailed physical modelling of the
chemical, thermodynamic, and physical history of the accreted material. Flexible multi-epoch
infrared observations are essential to determine the physical nature, and origin of the variability
observed in many of the dusty disks. Finally, the direct detection of the outer reservoirs feeding
material to the white dwarfs will require sensitive mid- and far-infrared capabilities.
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Overview
Practically all known planet hosts share one common fate: they will evolve into white dwarfs,
the embers of main-sequence stars with initial masses <∼ 8 M. Many of the known planets
will survive the post main-sequence evolution of their host stars – including the solar system
Mars and beyond (Schro¨der & Connon Smith, 2008). The gravitational interactions of these
planets can scatter asteroids, moons, and possibly some of the planets themselves deep into
the gravitational potential of the white dwarf, where they are tidally disrupted and eventually
accreted (Jura, 2003; Veras & Ga¨nsicke, 2015; Payne et al., 2017). Observational evidence for
planetary systems at white dwarfs is ample in the form of photospheric contamination by the
accreted debris (Zuckerman et al., 2010; Koester et al., 2014), and dusty (Farihi et al., 2009)
and gaseous circumstellar disks (Ga¨nsicke et al., 2006; Manser et al., 2016a). Vanderburg et al.
(2015) and Manser et al. (2019) established the first photometric and spectroscopic evidence
for exo-planetesimals in close orbits around white dwarfs. For recent review papers on evolved
planetary systems at white dwarfs, see Farihi (2016) and Veras (2016). This white paper de-
scribes an ambitious research programme into the architectures of evolved planetary systems
and their use as probes of the bulk abundances of exo-planetesimals, and we identify the facili-
ties required over the next decade to reach our scientific goals.
Exo-planet bulk abundances across host star mass and age.
With thousands of planets found, understanding their formation and evolution are now key
research areas. The fundamental question “What are those other worlds made out of?” is dif-
ficult to answer from studies of planets orbiting main-sequence hosts, where radial velocities
and transit light curves yield bulk densities. Further conclusions on internal structure and bulk
composition are model-dependent (e.g. Rogers & Seager, 2010; Dorn et al., 2015). Zuckerman
et al. (2007) pioneered the spectroscopic analysis of white dwarfs accreting planetary debris to
accurately measure the bulk composition of exo-planetary systems, analogous to solar-system
meteorite studies, (Fig. 1). This method has been used to measure the abundances of rock-
forming elements (Si, Fe, Mg, O), refractory lithophiles (Ca, Al, Ti), siderophiles (Cr, Mn,
Ni), and volatiles, revealing a significant diversity (Fig. 1, bottom panels, Ga¨nsicke et al. 2012)
which includes evidence for differentiated planetesimals (Wilson et al., 2015; Melis & Dufour,
2017), water-rich exo-asteroids (Farihi et al., 2013; Raddi et al., 2015) and one volatile-rich
Kuiper belt-like body (Xu et al., 2017). This work provides important inputs into planet forma-
tion models (Carter-Bond et al., 2012; Carter et al., 2015).
After a phase of rapid progress, we are now limited by two factors: (1) The small num-
ber of known white dwarfs that are suitable for detailed abundance studies: while ' 25% of
white dwarfs are weakly contaminated (Koester et al., 2014), only '1% have accreted enough
debris to enable the detection of multiple elements. (2) White dwarfs hotter than ' 15, 000 K,
and in particular those with opaque hydrogen atmospheres, require ultraviolet spectroscopy
(Fig 1, top panels) to carry out the abundance measurements, as the optical transitions rapidly
weaken with increasing temperature. The first problem will be addressed thanks to Gaia: Gen-
tile Fusillo et al. (2019) used its second data release (Gaia Collaboration et al., 2018) to compile
the first homogeneously selected and practically complete sample of white dwarfs with a lim-
iting magnitude of G ' 20, comprising a staggering ' 260,000 stars – a ten-fold increase over
the previously number of known white dwarfs. However, the Gaia data does not provide insight
into the atmosphere compositions of these stars. Therefore optical spectroscopy of the entire
sample is required to identify those few thousand Gaia white dwarfs that have accreted suffi-
ciently large amounts of debris to warrant detailed abundance studies. High-resolution ultravio-
let spectroscopy of these polluted white dwarfs obtained with a sensitive next-generation space
telescope will then provided exquisite insight into the bulk compositions of exo-planetesimals.
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Figure 1: [a] Spectroscopy of white dwarfs accreting planetary debris (Ga¨nsicke et al., 2012)
provides [b] accurate bulk compositions of exo-planetesimals (small dots= solar-system me-
teorites, big dots= exo-planetesimals). Most published abundance studies are consistent with
rocky compositions (Ga¨nsicke et al., 2012), though there is evidence for water-rich asteroids
(Farihi et al., 2013), and comets (Xu et al., 2017). Detailed abundances have only been mea-
sured for a few systems ([c], Xu et al. 2014), limited by the small number of strongly metal-
polluted white dwarfs accessible to ultraviolet spectroscopy with current facilities.
These abundance data will provide critically important inputs into planet formation models:
(i) the volatile fraction traces the formation region of the planetesimals relative to the relevant
condensation line, and objects originating from beyond the snow line (Xu et al., 2017) provide
insight into the bulk composition of the cores of gas giants, (ii) the Mg/Si ratio determines the
composition of silicates with implications for planetary processes such as plate tectonics, and
(iii) the relative abundances of Fe, siderophiles, and refractory lithophiles, provide insight into
core and crust formation (Harrison et al., 2018).
The detailed abundance studies of these systems will take the statistics of exo-planetesimal
taxonomy to a level akin to that of solar system meteorite samples (Nittler et al., 2004). The
progenitors of the Gaia white dwarfs span masses of MZAMS ' 1 − 8 M, and their total ages
range from a few 100 Myr to many Gyr, providing insight into the planet formation efficiency
as a function of host mass and Galactic chemical evolution. Both metallicity and α-element
abundances of a star are expected to be a function of its age and formation location in the
Galaxy (e.g. Minchev et al., 2013). These differences are likely reflected in the composition
of planetary systems that formed in different locations in the Galaxy and at different epochs,
but subsequently migrated into the solar neighbourhood. The derived debris abundances of
old planetary systems will be compared to the abundance trends seen in evolved planet hosts
(Maldonado & Villaver, 2016).
Identifying and characterising planetesimals around white dwarfs.
The photometric detection of debris transits at WD 1145+017 (Vanderburg et al., 2015) and of
the spectroscopic signature of a planetesimal orbiting in the gaseous disk at SDSS 1228+1040
(Manser et al. 2019, Fig. 2) opened up the first opportunities to go beyond measuring the abun-
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dances of shredded debris, i.e. to characterise the physical properties of solid exo-planetary
bodies. The intense follow-up of WD 1145+017 (e.g. Ga¨nsicke et al., 2016; Rappaport et al.,
2016; Redfield et al., 2017; Izquierdo et al., 2018) revealed a rapid evolution of the debris,
providing real-time insight into the disintegration of a planetesimal deep within the gravita-
tional potential of a white dwarf. Modelling the observations places robust constraints on the
masses and internal structures of the planetesimals at WD 1145+017 and SDSS 1228+1040
(Gurri et al., 2017; Veras et al., 2017; Manser et al., 2019). The physical make-up and the orbits
of these objects also provide a more general insight into the architecture of remnant planetary
systems. However, these are currently the only two exo-planetesimals known.
WD 1145+017 was a serendipitous discovery, one of '1,000 known white dwarfs observed
by the Kepler/K2 mission. The strong debris pollution and its dust disk were found only after
the K2 detection of transits (Xu et al., 2016). Based on simple geometry, only a few per-cent
of systems with close-in planetesimals will exhibit detectable transits – i.e. the discovery of
transits at WD 1145+017 is statistically consistent with all ' 50 known white dwarfs with dust
disks having close-in planetesimals. While space-based photometry provides uninterrupted long
time series and superb precision, neither of them are necessary to identify WD 1145+017-like
systems: the deep transits (reaching up to 50%, see Fig. 2a) during the most active phase of
WD 1145+017 were easily detected with modest-sized telescopes from the ground (Gary et al.,
2017), and even relatively sparse sampling will allow the identification of transits, if >∼ 100
epochs are obtained (Parsons et al., 2013). Given that white dwarfs are sparsely distributed
across the sky (even the Gaia sample amounts only to ' 6 per square degree) wide-area time
domain surveys with cadences in the range of hours to days are ideal to identify additional white
dwarfs with transiting debris. Detailed follow-up observations of these new systems require fast
photometry with negligible overheads. Predictions based on a sample of one (WD 1145+017)
are naturally uncertain, but accounting for all evidence, several dozen such systems should be
hiding among the Gaia white dwarf sample.
Fast time-series spectroscopy of the gaseous debris disk at SDSS 1228+1040 (Fig. 2b & c)
obtained with the 10.4 m Gran Telescopio Canarias resulted in the detection of a planetesimal
orbiting the white dwarf with a two-hour period. The significantly shorter period compared to
WD 1145+017 (4.5 h) implies that this planetary body is solid with significant internal strength
(Manser et al., 2019). Gaseous debris disks are extremely rare, only eight have been discovered
so far, however, all but one exhibit variability in the morphology of their Ca ii lines (Manser
et al., 2016b). It is plausible that all gas disks are associated with close-in planetesimals, which
we aim to confirm with deep time-series spectroscopy. This spectroscopic identification of
planetesimals at white dwarfs is independent of their orbital inclination. Seven of the eight
known gas disks were identified from SDSS spectroscopy, which was incomplete in targeting
white dwarfs and limited to ' 1/3 of the sky. Scaling to the spectroscopic follow-up of the all-
sky Gaia white dwarf sample, at least ' 30 gas disks are expected to be discovered. The search
for planetesimals in these disks will require fast spectroscopic time-series on large-aperture
telescopes equipped with medium-resolution optical spectrographs.
Between photometric and spectroscopic detections, at least ' 50 planetesimals in close
orbits around white dwarfs will be found, and their physical properties will be determined fol-
lowing on from our previous work (Gurri et al., 2017; Veras et al., 2017; Manser et al., 2019).
The range of masses and internal structures derived from this sample will provide the first major
step into establishing the physical nature of the constituents of evolved planetary systems.
Infrared studies of debris disks variability and mineralogy
Within the past two years, it has become clear that most dusty white dwarfs exhibit variable
infrared emission due to as yet unconstrained dust production and removal processes (Swan
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Figure 2: Detections of planetesimals at white dwarfs. [a] High-speed (5s) ULTRASPEC pho-
tometry of WD1145+017 illustrating the complex structure of the transit events caused by plan-
etary debris near the tidal disruption radius (Ga¨nsicke et al., 2016). [b] The first image of a
gaseous debris disk, showing an eccentric intensity pattern (Manser et al., 2016a). [c] Fast
GTC spectroscopy of this disk reveals a solid planetesimal with an orbital period of two hours
Manser et al. (2019), which is thought to produce the gas seen in the image on the left.
et al., 2019). This result relies heavily on the existence of warm Spitzer mission data, and less
so on WISE and NEOWISE due to sensitivity and source confusion (Xu et al., 2018). Thus, it is
clear that white dwarf planetary systems are active and novel science awaits the community but
requires facilities that can sensitively measure micro-Jy fluxes at 3 and 4 microns with cadences
of weeks to months to years.
A related and outstanding problem is the origin of the total planetary body mass that is ob-
served via dust, gas, and metal pollution, which in some systems exceeds the mass of dwarf
planets and solar systems moons (Jura et al., 2009b). The consensus model involves the pertur-
bation of minor bodies from an existing reservoir, but whether this reservoir is asteroid belt-like,
Kuiper belt-like (Wyatt et al., 2014), or generated in the post-main sequence (Veras et al., 2014)
is currently empirically unconstrained. Thus the availability of a space mission sensitive in
the mid-infrared to far-infrared is critically important to definitively detect and characterize the
belts of planetesimals that are implied by the dusty and gaseous debris disk systems.
Disks around polluted white dwarf stars have also been shown to exhibit strong solid-state
emission features in their mid-infrared spectra (Reach et al., 2005, 2009; Jura et al., 2009a).
Characterising these features in high-definition will provide robust mineralogical information
for polluting material before it is accreted by the host white dwarf star.
Combining far-ultraviolet and mid-infrared spectroscopic observations of dusty white dwarfs
will provide bulk chemical compositions at an elemental level from (1) the stellar atmosphere
and (2) dust stoichiometry from the disk. This combined information will allow to compre-
hensively probe the formation and evolutionary history of the white dwarf’s planetary system
(e.g. Bond et al., 2010). Such data will allow the identification of what specific chemical com-
pounds parent bodies were made of, thus enabling detailed physical modelling of the chemical,
thermodynamic, and physical history of the accreted material.
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Facility requirements for the next decade
All-sky spectroscopic surveys. Optical spectroscopy of the 260, 000 white dwarfs identified
with Gaia (Gentile Fusillo et al., 2019) can only be achieved via piggy-backing on wide-area
multi-object spectroscopic (MOS) surveys. With an average surface density of ' 6 per square
degree, observing all Gaia white dwarfs will only take up a very small fraction of the fiber com-
plement of modern MOS facilities. Coverage extending from ' 3800 Å to ' 9000 Å is essential
to include the strongest optical metal transitions (Ca H/K, Mg ii 4481 Å), and the Ca ii 8600 Å
triplet which is seen in emission from gaseous debris disks. A spectral resolution of ' 4000
is required to detect sharp metal lines, higher resolutions (' 20, 000) will greatly increase the
sensitivity to weak debris contamination, and metal pollution in hotter white dwarfs.
High-resolution ultraviolet spectroscopy. The far-ultraviolet contains strong transitions of
practically all elements relevant to diagnose the bulk composition and history of the accreted
planetary bodies. HST/COS has been the work horse for these studies so far, but is lim-
ited in sensitivity and spectral resolution. Model atmosphere analysis requires a signal-to-
noise ratio of at least 30 which COS can achieve in a reasonable amount of orbits at F '
10−14erg cm−2 s−1 Å−1 – only a few dozen of systems suitable for detailed abundance studies
are sufficiently bright. Assuming a factor 30 increase in sensitivity compared to COS (×15 for
a 10 m aperture, and ×2 from improved optics, and improved orbital visibility) will increase
the available volume for detailed abundance studies by a factor ' 150 compared to what can be
reached with HST, sufficient to include > 1000 potential targets for high-quality ultraviolet spec-
troscopic follow-up. An increased spectral resolution, ' 50, 000 (compared to 10, 000−20, 000
for COS) will greatly improve the modelling of blended lines, and is necessary to disentangle
photospheric, circumstellar, and interstellar features. A wide wavelength range, ' 900−3200 Å,
is desirable to include the higher Lyman lines which will (1) improve the accuracy of effective
temperature and mass determinations, and in turn of the ages of the evolved planetary systems
and (2) maximise the number of elements that can be used for the abundance measurements.
Mid-infrared spectroscopy and imaging. James Webb Space Telescope observations will pro-
vide the mid-infrared spectroscopic and imaging data required to address mineralogical and
giant-planet companion science goals. Every white dwarf debris disk system currently known
can be observed with high signal-to-noise (S/N>10) in .3 hours using the LRS module of MIRI,
and several can even be observed profitably with its MRS module (e.g., Figure 9 of Dennihy
et al. 2016). Imaging observations − regardless of PSF-subtraction performance with the Webb
− will enable planets down to sub-Saturn masses to be detected around white dwarfs.
JWST will only partly address the detection of giant planets, high sensitivity in the mid-
to far-infrared is required to identify the reservoirs that feed the debris-accreting white dwarfs,
and the ability of flexible, multi-epoch observations are necessary to determine the nature and
origin of the variability detected in many of the debris disks.
Wide-area time-domain surveys and fast photometry. Identifying transiting debris at white
dwarfs will require the ability to survey 10,000s of stars spread over the entire sky. Sparse
(hours to days) sampling is sufficient, though stable long-term cadences will greatly facilitate
the statistical analysis. Follow-up of new transiting systems requires fast (seconds, as white
dwarfs are small and transits may last as short as a minute only) photometry, ideally in multiple
bands simultaneously to probe for colour effects / extinction by the dusty debris.
Large aperture telescope spectroscopy. The spectroscopic detection of a planetesimal orbit-
ing SDSS 1228+1040 with a two-hour period demonstrates that solid bodies can achieve ultra-
compact configurations and survive in these for considerable amounts of time. This study was
carried out by obtaining fast ('minutes) spectroscopy on the 10.4 m GTC. While a few similarly
bright gas disks are known, many of the new systems identified from the Gaia follow-up will
be 2 − 3 magnitudes fainter, and probing for close-in planetesimals will require large aperture
(30-40 m) telescopes equipped with intermediate ' 5000 resolution optical spectrographs.
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